Rovibronic energy levels and properties of the Br( 2 P)-HCN complex were obtained from three-dimensional calculations, with HCN kept linear and the CN bond frozen. All diabatic states that correlate to the 2 P 3/2 and 2 P 1/2 states of the Br atom were included and spin-orbit coupling was taken into account. The 3 × 3 matrix of diabatic potential surfaces was taken from the preceding paper (paper 1). In agreement with experiment, we found two linear isomers, Br-NCH and Br-HCN. The calculated binding energies are very similar: D 0 ) 352.4 cm -1 and D 0 ) 349.1 cm -1 , respectively. We established, also in agreement with experiment, that the ground electronic state of Br-NCH has |Ω| ) ( 1 / 2 ) and that Br-HCN has a ground state with |Ω| ) ( 3 / 2 ), where the quantum number, Ω, is the projection of the total angular momentum, J, of the complex on the intermolecular axis R. This picture can be understood as being caused by the electrostatic interaction between the quadrupole of the Br( 2 P) atom and the dipole of HCN, combined with the very strong spin-orbit coupling in Br. We predicted the frequencies of the van der Waals modes of both isomers and found a direct RennerTeller splitting of the bend mode in Br-HCN and a smaller, indirect, splitting in Br-NCH. The red shift of the CH stretch frequency in the complex, relative to free HCN, was calculated to be 1.98 cm -1 for Br-NCH and 23.11 cm -1 for Br-HCN, in good agreement with the values measured in helium nanodroplets. Finally, with the use of the same potential surfaces, we modeled the Cl( 2 P)-HCN complex and found that the experimentally observed linear Cl-NCH isomer is considerably more stable than the (not observed) Cl-HCN isomer. This was explained mainly as an effect of the substantially smaller spin-orbit coupling in Cl, relative to Br.
Introduction
The series of weakly bound complexes X-HY has received an increasing amount of attention, both experimental [1] [2] [3] [4] [5] and theoretical, [6] [7] [8] [9] [10] [11] [12] [13] especially in view of their role as reaction precursors in the hydrogen exchange reactions X + HY f HX + Y, with X, Y ) F, Cl, Br, O, OH, CN. Because of the openshell configuration of the X radical in its ground state, electronic degeneracies occur in these complexes, and their theoretical description has to go beyond the Born-Oppenheimer approximation. One of the complexes recently studied experimentally by Merritt et al. 5 is Br( 2 P)-HCN. It was prepared in liquid helium nanodroplets in a molecular beam setup and studied by high-resolution infrared spectroscopy. This species is particularly interesting because it was found to occur in two isomeric forms: Br-HCN and Br-NCH, both linear. In the preceding paper, paper 1, we outlined a diabatic model that involves the asymptotically degenerate electronic states and their coupling, which is suitable to compute the rovibronic levels of this open-shell complex. We also presented ab initio calculated diabatic potential surfaces, both diagonal and off-diagonal, and their analytic representation in a form that is convenient for bound-state calculations. The present paper describes the calculation of the rovibronic states and the comparison of the results with the experimental data.
Bound-State Calculations
The method that we apply to compute the rovibronic levels of Br( 2 P)-HCN is described in detail in ref 14 and has been used previously in our group to study Cl-HCl 10, 11 and Cl-HF. 13 It is based on earlier work for open-shell atom closedshell diatom complexes by Alexander 15 and by Dubernet and Hutson. 16, 17 Of course, Br( 2 P)-HCN is not an atom-diatom complex, but for our goal the study of the structure and stability of this complex and its infrared spectrum associated with the CH stretch mode of HCN, it is justified to treat the HCN monomer as a pseudodiatom by fixing the CN bond length and keeping the molecule linear. More details on this approximation are given below.
The three internal coordinates varied are R, the length of the Jacobi vector R pointing from the Br nucleus to the center-ofmass of HCN, the CH bond length r CH , and the angle θ between the vectors R and r CH , where the latter is the vector pointing from the C nucleus to the H nucleus. The Hamiltonian is defined in a body-fixed(BF) frame with its z axis along R and r CH in the xz plane where µ AB is the reduced mass of the atom (A ) Br)-molecule (B ) HCN) complex. The atomic masses are m H ) 1.0078250321 u, m C ) 12 u, m N ) 14.0030740052 u, and m Br ) 78.9183376 u. The operators λ and Ŝ and represent the orbital and spin angular momenta of the Br( 2 P) atom, respectively, with the atomic quantum numbers λ ) 1 and S ) ( 1 / 2 ). The operator ĵ A ) λ + Ŝ represents the total electronic angular momentum of the Br atom, whereas ĵ B is the angular momentum associated with the rotation of the HCN monomer, and Ĵ is the total angular momentum of the complex. We assume that the spin-orbit coupling in the Br atom is not affected by the relatively weak interaction with the HCN molecule so that we may use the atomic spin-orbit parameter A ) -2457 cm -1 as a constant in eq 1. The 3 × 3 matrix of diabatic potentials V µ′,µ (λ) (R,r CH ,θ) that couple the diabatic states |λ, µ〉 with projection µ ) -1, 0, 1 on the z axis was computed and described in paper 1.
The HCN monomer Hamiltonian is where I(r CH ) is the moment of inertia of linear HCN calculated as a function of the CH bond length with the CN bond fixed at the experimental equilibrium value r CN ) 2.1793a 0 . 18 The reduced mass, µ B , associated with the CH stretch coordinate, r CH , is defined with the mass of the H atom and the mass m CN ) m C + m N of the pseudoatom CN. The potential V HCN (r CH ) was obtained from the accurate empirical HCN force field determined by Carter et al. 19 by keeping the molecule linear and fixing the CN bond length at r CN ) 2.1793a 0 (the same equilibrium value as used in the force field). In reality, the CH stretch mode of HCN also involves some stretching of the CN bond. The reason that we may consider the CN bond to be rigid in the present study is that we do not wish to determine the absolute frequency of the CH stretch mode in Br-HCN, but only the red shift of this mode caused by the interaction with the Br atom. The following arguments are used to justify our model. First, let us look at the results of ab initio calculations at the CCSD(T)/aug-cc-pVDZ level (for the acronyms, see paper 1). These results, displayed in Figure 1 accurate red shift. In this context, it is also worthwile to mention that there is a debate going on about whether the CN bond can be regarded as a spectator in the dynamics of different chemical reactions. [20] [21] [22] The basis used to diagonalize the Hamiltonian of eq 1 is the same as that in ref 13 . The radial basis nR (R) consists of a contracted set of sinc-DVR (sinc function discrete variable representation) functions. The contraction coefficients are the eigenvectors of a radial motion problem, solved by the sinc-DVR method 23 on a large grid, with the radial potential given by the isotropic component V 0,0 0 (R,r CH ) of the diabatic Br-HCN potential V 0,0 (R,r CH ,θ), see eq 2 of paper 1, for r CH ) 2.0440a 0 . This value of r CH is one of the values on the grid described in paper 1; it is equal to the calculated equilibrium CH distance in HCN. To reach convergence of the radial basis more quickly, by including the effect of continuum wave functions, we added to this isotropic potential a term linear in R. The slope R ) 219 cm -1 /a 0 of this term was optimized variationally in calculations of the ground state and some lowlying levels of the complex. A similar basis φ nr (r CH ) of contracted sinc-DVR functions was used for the CH stretch coordinate. The basis functions φ nr (r CH ) are j B ) 0 eigenfunctions of the monomer Hamiltonian Ĥ HCN in eq 2 computed by the sinc-DVR method. Here, it is not necessary to add a linear term because the potential V HCN (r CH ) has a much deeper well than the intermolecular potential V 0,0 (R,r CH ,θ).
Because the spin-orbit coupling in the Br atom is very large, it is convenient for the interpretation of the results and the assignment of approximate quantum numbers to the eigenstates to use the spin-orbit coupled diabatic basis |j A ω A 〉 constructed in eq 4 of paper 1. The spin-orbit coupling term Aλ Ŝ in the Hamiltonian is diagonal in this basis, see paper 1. The total (electronic) atomic angular momentum of Br takes on the values j A ) ( 1 / 2 ) with projections ω A ) (( 1 / 2 ) on the dimer z axis and j A ) ( 3 / 2 ) with projections ω A ) (( 1 / 2 ), (( 3 / 2 ).
The full three-dimensional BF basis is where Y jB , ωB (θ,0) are spherical harmonics and D M,Ω (J) (R, ,φ)* are symmetric rotor functions. The Euler angles (R, ,φ) determine the orientation of the BF frame with respect to a space-fixed laboratory frame. The kets | j A ω A 〉 denote the spinorbit coupled diabatic electronic states. The quantum numbers j B ,ω B refer to the rotation of the HCN monomer in the complex, with ω B being the projection of j B on the BF z axis. The quantum number Ω ) ω A + ω B is the total projection of the atomic ĵ A and molecular ĵ B angular momenta on the BF z axis. All of these are approximate quantum numbers. Exact quantum numbers are the total angular momentum of the complex, J, its projection, M, on the space-fixed z axis, and the parity, p, under inversion. In the actual calculations, we used a parity-adapted basis, cf. eq 6 of ref 13 . The spectroscopic parity is defined by ) p(-1) J-S . States with ) 1 and ) -1 are labeled e and f, respectively.
In addition to the three-dimensional (3D) calculations, we made one-dimensional (1D) and two-dimensional (2D and 2+1D) calculations. The 1D calculations were made for fixed R values ranging from 6 to 16a 0 and r CH frozen at the experimental CH equilibrium distance 2.0135 a 0 . The functions |n R 〉 and |n r 〉 were left out of the basis, and the radial kinetic energy terms were omitted. The HCN rotational constant in these The 3D calculations were limited to J ) ( 1 / 2 ) and ( 3 / 2 ), whereas in the 2+1D model we computed the rovibronic states for J ) ( 1 / 2 ), ( 3 / 2 ), ( 5 / 2 ), and ( 7 / 2 ). In all calculations we performed a full diagonalization of the Hamiltonian matrix in the given parity-adapted basis. In 3D calculations, the lower levels of the complex correspond to V ) 0 of the CH stretch mode; states that correspond to V ) 1 of the CH stretch are much higher in energy and were identified among the highly excited intermolecular modes by a population analysis of the eigenstates. In the 2D calculations, we truncated the basis at n R max ) 17 and j B max ) 17. In the 2+1D model, we truncated at n R max ) 16 and j B max ) 16. In convergence studies, we found that an increase of each of these truncation parameters by 1, both in 2D and 2+1D, changed the ground state energy by less than 10 -5 cm -1 and the somewhat higher levels by less than 10 -4 cm -1 . In the full 3D model, we truncated at n R max ) 14, j B max )
14 and n r max ) 4. Here, the ground level changed by less than 10 -3 cm -1 and the somewhat higher levels by less than 10 -2 cm -1 if the truncation parameters are increased by 1. Energy differences, such as vibrational and rotational excitation energies, are converged significantly better, however.
Results and Discussion
3.1. Rovibronic Levels from 1D Calculations. The 1D calculations with fixed R and the CH distance frozen at the experimental equilibrium value of 2.0135a 0 were made for parity e and total angular momentum J ) ( 1 / 2 ) and J ) ( 3 / 2 ). Figure 2 shows the calculated energy levels as functions of R in the range from R ) 6 to 16a 0 . These curves correspond to the so-called adiabatic bender model of refs 24 and 25, which is extended here to include multiple coupled electronic states. To understand the behavior of these curves, it is useful to know that Ω, the projection of the total angular momentum J on the dimer z axis, is a nearly good quantum number. When the curves with J ) ( 1 / 2 ) and J ) ( 3 / 2 ) nearly coincide, this implies that the corresponding levels have |Ω| ) ( 1 / 2 ). The energy difference between the curves with J ) ( 3 / 2 ) and J ) ( 1 / 2 ) involves only the overall rotation of the complex in that case. When a J ) ( 3 / 2 ) curve is well-separated from the J ) ( 1 / 2 ) curves, this implies that |Ω| ) ( 3 / 2 ). Using this rule, we see that the deepest minimum at R ) 7.3a 0 corresponds to a level with |Ω| ) ( 1 / 2 ), whereas the second minimum at R ) 8.7a 0 corresponds to a level with |Ω| ) ( 3 / 2 ). Looking at the potential surfaces in Figures 4 and 5 of paper 1, one may guess that these two minima correspond to linear Br-NCH and linear Br-HCN, respectively. The latter has a much larger equilibrium distance, R e , than the first one, but it seems to be about equally stable. One also observes a series of higher curves with minima at more or less the same distances, R. These correspond to a series of excited vibronic levels of either Br-NCH or or Br-HCN with |Ω| values that are sometimes different from their ground-state levels. These excited levels are combinations of bend excited states with ω B * 0 and the electronic states with ω A ) (( 1 / 2 ) and (( 3 / 2 ). Their |Ω| values follow directly from these quantum numbers because Ω ) ω A + ω B . The ground state has ω B ) 0 and, hence, Ω ) ω A . Asymptotically, these levels correlate with the fourfold degenerate 2 P 3/2 ground state of the Br atom and the ground and excited rotational levels of HCN. The results from the 2D and 3D calculations discussed below provide more details.
3.2. Rovibronic Levels from 2D and 3D Calculations. Before we discuss the results of the 2D, 2+1D, and 3D calculations, let us mention that the rovibronic wave functions (discussed below) clearly show that all states up to an energy of about 106 cm -1 above the ground level are localized either near the linear Br-NCH geometry (θ ) 0°) or near the linear Br-HCN geometry (θ ) 180°). Some of the higher excited levels below this limit show large-amplitude bend motions, but it is quite obvious that they belong to either Br-NCH or Br-HCN. Hence, we will discuss the properties of each of these isomers.
The binding energies D 0 of Br-NCH and Br-HCN computed with the different models are listed in Table 1 . Clearly, the binding energy of Br-NCH depends only slightly on the model and on the CH stretch mode being excited or not, whereas D 0 of Br-HCN is much more sensitive. This can be understood from the result in paper 1 that the D e and R e values of Br-HCN depend more strongly on the length of the CH bond than the D e and R e values of Br-NCH. This, again, is reasonable because the CH bond is in direct contact with the Br atom in linear Br-HCN, whereas it is on the other side in linear Br-NCH. The 2+1D model with the 3D potentials averaged over the V ) 0 or V ) 1 wave functions of the CH stretch mode is much closer to the full 3D results than the 2D model with r CH fixed at r 0 or r 1 . A similar conclusion was drawn for Cl-HF. 13 Another conclusion, which is quite striking, is that the binding energies of Br-NCH and Br-HCN differ by as little as 3.3 cm -1 (in the 3D model). Tables 2 and 3 show the rovibronic levels of Br-NCH and Br-HCN, respectively, for the V ) 0 ground state of the CH stretch mode, total angular momentum J ) ( 1 / 2 ) to ( 7 / 2 ), and spectroscopic parity e. For J ) ( 1 / 2 ) and ( 3 / 2 ), we also included the full 3D results in these tables. In accordance with the spectroscopic convention 26 for linear open-shell molecules, we labeled the levels with the term symbols 2S+1 K P . The vibronic quantum number K corresponds to the sum of the electronic orbital angular momentum usually denoted by Λ and the vibrational angular momentum of the bend mode commonly labeled by l. In our treatment, which includes the full range of angles θ, the relevant electronic angular momentum quantum number is µ, with the value µ ) 0 for the Σ ground state of linear Br-NCH and the values µ ) (1 for the Π ground state of linear Br-HCN. The vibrational angular momentum, l, is given by ω B . Hence, the quantum number, K, is given by K ) µ + ω B , which can also be written as K ) Ω -Σ ) ω A + ω B -Σ, where Σ ) (( 1 / 2 ) is the component of the spin S on the intermolecular z axis, R. The quantum number that is commonly denoted by P corresponds to |Ω| in our case. The ground state of Br-NCH with |Ω| ) ( 1 / 2 ) corresponds to K ) 0 and can be written in the spectroscopic notation 26 as 2 Σ (1/2) . The ground state of Br-HCN with |Ω| ) ( 3 / 2 ) has |K| ) 1 and can be written as 2 Π (3/2) . Because |Ω| is a nearly good quantum number, the energy levels in these tables are sorted according to their |Ω| values. The rows of levels with the same |Ω| and increasing values of J g|Ω| are end-over-end rotational progressions of the same internal state of the complex. Actually, the levels of Br-NCH and Br-HCN originate from a single calculation for each value of J. We could clearly assign the levels to either Br-NCH or Br-HCN on the basis of the electronic angular Figure 3 . The energies and quantum numbers correspond to those in Table 3 . momentum projection |ω A |, which turns out to be ( 1 / 2 ) for the ground state of Br-NCH and ( 3 / 2 ) for the ground state of Br-HCN. Also, on the basis of the rovibronic wave functions being localized near either one the linear equilibrium geometries we could make such a distinction. Examples are shown in Figure  3 for Br-NCH and Figure 4 for Br-HCN. Actually, we did not plot the wave functions in these figures but rather the density distributions obtained by taking the absolute square of the wave function and integrating over the electronic coordinates and the overall rotation angles.
The density distributions as shown in Figures 3 and 4 can also be used to assign the vibrational quantum numbers V s and V b of the complex. The quantum number V s refers to the Br-HCN or Br-NCH stretch mode in the coordinate R; the quantum number V b refers to the bend mode of the linear complexes. The quantum number ω B is the vibrational angular momentum of the bend mode. This quantum number and the electronic angular momentum projection, ω A , occur in the diabatic basis used. In the complex, they are approximate quantum numbers and were obtained by a population analysis of the eigenstates. When the values of ω A and ω B are given in the tables, this implies that the eigenstates have more than 50% (in most cases much more) of this character. In the assignment of the bend quantum number V b , the rule that ω B runs from -V b to V b by steps of 2 was very helpful. The upper panel in Figure 3 is clearly the ground rovibronic state of Br-NCH, the middle panel is the bend fundamental, and the lower panel is the bend overtone mixed with the stretch fundamental in a Fermi resonance. In Figure 4 , the upper panel is the ground rovibronic state of Br-HCN, the middle panel is the bend fundamental of that complex, and the lower panel is the pure stretch fundamental in this case.
In Table 2 , one reads that the ground state of Br-NCH with approximate quantum numbers ω B ) V b ) V s ) 0 and energy E ) -352.37 cm -1 occurs for J ) |Ω| ) ( 1 / 2 ) and is dominated by the diabatic state with j A ) ( 3 / 2 ) and |ω A | ) ( 1 / 2 ). The fundamental bend frequency of Br-NCH is 23.0 or 23.9 cm -1 , depending on whether one considers the |Ω| ) ( 3 / 2 ) or the |Ω| ) ( 1 / 2 ) bend excited level. The density distribution in the middle panel of Figure 3 corresponds to the latter level, but the distribution of the former state (not shown) is almost indistinguishable. The only difference between these states is that the electronic angular momentum ω A ) (( 1 / 2 ) is coupled parallel or antiparallel to the bend angular momentum ω B ) (1. Because the spin-free ground state of Br-NCH is a Σ state, see paper 1, the value of ω A ) (( 1 / 2 ) is purely determined by the projection of the spin S ) ( 1 / 2 ) on the dimer axis. The orbital angular momentum vanishes for a Σ state, there is only a small indirect Renner-Teller coupling, and the two bend frequencies are very nearly the same. In Section 3.4, we will discuss this in more detail. The modes at 39.7 and 51.5 cm -1 are the bend overtone and the stretch fundamental, but according to the density distributions these are mixed into a Fermi resonance. In Table 3 , one can see that the ground state of Br-HCN has J ) |Ω| ) ( 3 / 2 ) and energy E ) -349.11 cm -1 . It is dominated by the diabatic state with j A ) |ω A | ) ( 3 / 2 ). The bend fundamental frequency, 38.7 cm -1 , of Br-HCN is considerably higher than that for Br-NCH. This value is derived from the bend excited level with |Ω| ) ( 1 / 2 ); the bend excited level with |Ω| ) ( 5 / 2 ) gives a bend fundamental frequency of 41.1 cm -1 . As will be discussed in Section 3.4, this difference can be explained by the Renner-Teller nonadiabatic coupling of the bend mode to the electronic angular momentum, ω A , of the Π ground state of Br-HCN. The stretch fundamental frequency of Br-HCN is 45.3 cm -1 , not much different from Br-NCH. From these tables, one can also read the frequencies of the bend overtone with V b ) 2, which has two components, one with ω B ) 0 and one with |ω B | ) 2. The differences between the frequencies of these components are about 2 cm -1 ; they are caused by the anharmocity of the bending potentials. Also, bend-stretch combination levels and overtones can be observed. We already mentioned that in Br-NCH the bend overtone and stretch fundamental mix into a Fermi resonance. Similar resonances occur between the second and third bend overtone and the corresponding modes with two bend quanta replaced by one stretch quantum.
Looking back at the "adiabatic bender'' curves from the 1D calculations in Figure 2 , we may now conclude that the minimum at R ) 7.3a 0 in the lowest two nearly coinciding curves with |Ω| ) ( 1 / 2 ) indeed correspond to linear Br-NCH. The minimum at R ) 8.7a 0 in the lowest curve with J ) |Ω| ) ( 3 / 2 ) represents linear Br-HCN.
The results calculated with the CH stretch mode excited to V ) 1 are qualitatively similar to those obtained for V ) 0. Therefore, we do not show all of the levels. In Table 1 , one could see already that the complex becomes more strongly bound when the CH stretch mode is excited and that this effect is much more important for Br-HCN than for Br-NCH. The bend and stretch fundamental frequencies of both complexes are listed in Table 4 . One notices there that in Br-HCN the bend and stretch frequencies are also higher for V ) 1 than for V ) 0. In Br-NCH, there are hardly any differences between V ) 0 and V ) 1. Table 5 for Br-NCH and Table 6 for Br-HCN contain the parity splittings between the levels of e and f symmetry. The splittings E f -E e are by far the largest for the |Ω| ) ( 1 / 2 ) levels with ω B ) 0 in Br-NCH and they increase linearly with J + ( 1 / 2 ). This simple linear dependence on J + ( 1 / 2 ) is well-known for λ doubling in linear molecules, 27 and it was also found in Cl( 2 P)-HCl 10,11,17 and Cl( 2 P)-HF. 13 The parity-splitting characteristics can be understood by considering the Hamiltonian in eq 1 and the basis in eq 3. The energy difference between functions with e and f parity is caused by a coupling between the basis components with (ω A , ω B , Ω) and (-ω A , -ω B , -Ω). The term in the Hamiltonian that is responsible for this coupling is the Coriolis coupling operator -2(ĵ A + ĵ B )‚Ĵ/(2µ AB R 2 ) and, in particular, the step-up and step-down terms with ĵ A + Ĵ + and and they cause a first-order splitting between the levels of e and f parity, which would otherwise be degenerate. Equation 4 shows that this splitting should indeed be proportional to J + ( 1 / 2 ) with a proportionality constant that is 2(j A + ( 1 / 2 )) times the expectation value of [2µ AB R 2 ] -1 over the radial part of the wavefunction. Because of the very large spin-orbit splitting between the 2 P 1/2 and 2 P 3/2 states of the Br atom, the quantum number j A is nearly ( 3 / 2 ) in the lower levels of the complex. The expectation value 〈[2µ AB R 2 ] -1 〉 is the end-over-end rotational constant B. Hence, the splitting should be about 4B(J + ( 1 / 2 )), with B ) 0.0525 cm -1 for Br-NCH (see below). This is indeed what we see in Table 5 for the levels with ω B ) 0 and |Ω| ) ( 1 / 2 ) of Br-NCH because |ω A | ) ( 1 / 2 ) in this isomer. Functions with ω B ) (1 are only coupled indirectly through functions with ω B ) 0 and show a small parity splitting. For |Ω| ) ( 3 / 2 ), the splittings are even smaller and they are proportional to (J -( 1 / 2 ))(J + ( 1 / 2 ))(J + ( 3 / 2 )) as pointed out by Dubernet and Hutson. 17 They are due to a higher-order effect of the Coriolis coupling operator ĵ A ( Ĵ ( /(2µ AB R 2 ). In Br-HCN, which has |ω A | ) ( 3 / 2 ), the splitting is smaller by several orders of magnitude than in Br-NCH and is proportional to J + ( 1 / 2 ), -HCN (θ ) 180°) from the 2+1D Model with 
see Table 6 . The splittings are only shown for V ) 0 of the CH stretch mode; the results for V ) 1 are very similar.
Spectroscopic Parameters.
Only short stretch progressions with V s e 2 can be seen in Table 2 for Br-NCH and Table 3 for Br-HCN. When we fitted these to the usual anharmonic oscillator formula, as we did for Cl-HF, 13 we found the harmonic stretch frequencies ω e and anharmonicity constants ω e x e given in Table 7 . For Br-NCH, the stretch mode shows a large anharmonicity. This is an effect of the Fermi resonance with the bend overtone that we already observed. In Br-HCN, the anharmonicity is very small.
From the series of levels calculated for J ) ( 1 / 2 ) to ( 7 / 2 ) with the 2+1D model, we computed rotational constants, B, and distortion constants, D, by a fit to the linear molecule expression
This formula was applied after averaging the energies over the levels of parities e and f. The results for the ground state of each isomer are given in Table 7 . One observes in this table that the rotational constants of Br-NCH and Br-HCN are quite different. One also observes that excitation of the CH stretch mode has only a small effect on the rotational constant of the complex. This effect is probably reduced because of two opposing phenomena. When the CH stretch is excited the complex becomes more strongly bound, which tends to decrease the value of the equilibrium distance, R e . Alternatively, the CH group becomes longer when it is excited, which will increase R e through the repulsive interaction. This argument holds in particular for Br-HCN, but for Br-NCH the effect of the CH stretch is very small anyway. From the energy difference between the lowest levels corresponding to V ) 0 and V ) 1 for the CH stretch mode, we extracted the red shift of the CH stretch frequency in the complex, relative to free HCN. The results of different models are included in Table 1 . It is quite natural that the shift is much larger (23.11 cm -1 ) for Br-HCN than for Br-NCH (1.98 cm -1 ) because of the direct neighborhood of the Br atom to the CH group.
3.4. Renner-Teller Coupling. Linear Br-HCN is a typical Renner-Teller system 28 of case 1(a), 29 because (in the absence of spin-orbit coupling) it has a twofold degenerate electronic ground state of Π symmetry. When the complex bends the Π state splits into one A′ and one A′′ state with an energy difference that is nearly quadratic in the bend angle, see paper 1. The ground state of Br-HCN with |Ω| ) ( 3 / 2 ) is written in RennerTeller notation 26 as 2S+1 K P ) 2 Π (3/2) . The same term symbol holds for the accompanying intermolecular stretch progression with V s ranging from 0 to 2. Most interesting are the bend excited states with V b ) 1 and vibrational angular momentum ω B ) (1. They give rise to a bend fundamental with |Ω| ) ( 1 / 2 ) denoted by 2 Σ (1/2) and a bend fundamental with |Ω| ) ( 5 / 2 ) denoted by 2 ∆ (5/2) . Both of these bend modes are indeed found, see Tables 3 and 4 , as well as the accompanying bend-stretch combination levels. The fundamental bend frequency for the 2 Σ (1/2) levels is 38.7 cm -1 , and for the 2 ∆ (5/2) levels it is 41.1 cm -1 . For the levels that correspond to V CH ) 1, the 2 Σ (1/2) bend frequency is 43.4 cm -1 and the 2 ∆ (5/2) bend frequency is 46.2 cm -1 . These numbers are from the 2+1D calculations because 
the 3D results are not available for |Ω| ) ( 5 / 2 ). The value for the 2 Σ (1/2) levels from 3D calculations is not very different, however.
We may compare our set of levels to the energy-level diagram of a 2 Π triatomic linear molecule shown in Herzberg's book, 26 Figure 8 of Section I.2. This diagram correlates the energy levels obtained from a full calculation with the levels obtained when either the Renner-Teller interaction or the spin-orbit coupling are set to zero. Herzberg's "full'' treatment includes the bending mode only, and it defines the Renner-Teller interaction parameter, , as the ratio of the harmonic force constants of the coupling or difference potential V 1,-1 ) [V(A′′) -V 1 (A′)]/2 at the linear geometry and the diagonal or sum potential 2V 1,1 ) V 1 (A′) + V(A′′). Note that the bend quantum number, V b , in our notation is denoted as V 2 in Herzberg's figure. In Herzberg's figure, the levels of the same |K| with the larger P are higher than the levels with smaller P, whereas in our case the levels with the larger P are lower. The reason for this reversed order is that our spin-orbit constant, A, has a negative value, whereas Herzberg's is positive. In that sense, the Br-HCN results may be compared with the level patterns of some other RennerTeller systems, Cl-HF 13 and He-HF + , 30 calculated in our group earlier. However, the absolute value of 2457 cm -1 of the spinorbit parameter, A, in the Br atom is so large that the upper levels of the spin-orbit doublets in Br-HCN (such as the 2 Π (1/2) level that is spin-orbit excited from the ground 2 Π (3/2) level) are not bound anymore. Otherwise, the levels from our calculations follow the pattern of the levels in Herzberg's picture of a typical Renner-Teller system.
The splitting of 2.6 cm -1 between the 2 Σ (1/2) and 2 ∆ (5/2) levels that correspond to the same V b ) 1 bend fundamental is caused by the Renner-Teller interaction (parametrized in Herzberg's treatment by ), which in our case is represented by the offdiagonal diabatic potential V 1,-1 . This splitting is considerably smaller than the splitting of 38.6 cm -1 found for Cl-HF. 13 But the bend frequency of Br-HCN is also much lower than that for Cl-HF, and the spin-orbit coupling is much stronger. In the work on He-HF + , 30 it was shown that this splitting does not disappear even when the coupling potential V 1,-1 is switched off. This is a fundamental deviation from Herzberg's model, which was shown in ref 30 to be due to the fact that the bending motion is treated in our work as a hindered rotation rather than a harmonic vibration as in Renner's work.
Linear Br-NCH is not a Renner-Teller system because (in the absence of spin-orbit coupling) it has a nondegenerate electronic ground state of Σ symmetry. The spin-orbit coupling in the Br atom is very strong, however, and we discussed already in Section 4 of paper 1 that in the ground state of linear Br-NCH with approximate quantum numbers j A ) ( 3 / 2 ) and |ω A | ) ( 1 / 2 ) the wave function has 1 / 3 of Π character. Hence, it is interesting to look for effects similar to those of Renner-Teller coupling. We saw already in Section 3.2 that the fundamental bend frequency of Br-NCH is 23.0 or 23.9 cm -1 , depending on whether one considers the |Ω| ) ( 3 / 2 ) or |Ω| ) ( 1 / 2 ) bend excited state. The density distributions of these states are very similar. The only difference between them is that the electronic angular momentum ω A ) (( 1 / 2 ) is coupled parallel or antiparallel to the bend angular momentum ω B ) (1. So, there is a small indirect Renner-Teller splitting of 0.9 cm -1 in this case.
Comparison with Experiment
Experimentally, 5 both linear isomers, Br-NCH and Br-HCN, have been observed spectroscopically in a molecular beam of He nanodroplets. It was found, in agreement with our results, that the ground state of Br-NCH has |Ω| ) ( 1 / 2 ) and the ground state of Br-HCN has |Ω| ) ( 3 / 2 ). For Br-NCH, a red shift of 1.65 cm -1 of the CH stretch frequency was observed, whereas for Br-HCN the red shift is 25.59 cm -1 . Before we compare with the shifts calculated for the complex in the gas phase, we should correct the experimental values for a possible matrix shift induced by the He clusters. A comparison of the shifts observed for several hydrogen-bonded complexes in the gas phase and in helium has shown 31 that there is indeed such a matrix effect and an empirical correction formula was proposed: ∆ ) 1.822 + 0.03655X cm -1 , 5 where ∆ is the correction that should be subtracted to obtain the gas-phase value of the red shift and X is the measured red shift in helium. We used this correction for Br-HCN, where the red shift is quite large. The shift after correction is 23.80 cm -1 , close to our computed value of 23.11 cm -1 (see Table  1 ). The correction formula was only derived for HX stretch frequencies in hydrogen-bonded complexes where HX is the donor, so the H atom is bound directly to the acceptor, and it cannot be applied to Br-NCH. Moreover, the shift found for Br-NCH is so small that the correction would give a negative shift and we omitted it in this case. The value of 1.98 cm -1 obtained from ab initio calculations with the full 3D model is in good agreement with the uncorrected experimental value of 1.65 cm -1 .
The ab initio-computed rotational constants of Br-NCH and Br-HCN are B ) 0.0525 cm -1 and B ) 0.0385 cm -1 , respectively. The experimental values are B ) 0.019 cm -1 and B ) 0.0151 cm -1 . 5 The measured values are smaller than the computed ones by factors of 2.8 and 2.5, respectively. These factors are in good agreement with literature values for various molecules in superfluid helium droplets. 31 They are caused by some of the surrounding helium atoms following the rotation of the molecule and, thus, increasing its effective moments of inertia.
In our calculations on Br-NCH, we predicted large parity splittings of the levels with ω B ) 0, see Table 5 . For the ground state of Br-NCH with |Ω| ) ( 1 / 2 ), we predicted a splitting of 0.2022 cm -1 for J ) ( 1 / 2 ), which is about 4B ) 0.210 cm -1 . Such a splitting of about 4B that increases linearly with J + ( 1 / 2 ) could be very-well rationalized by the theory in Section 3.2, see eq 4. The simulation of the measured spectrum in ref 5 gave a much smaller parity splitting. Taking into consideration the reduction of B by a factor of nearly 3 by the surrounding helium atoms, the experimental splitting is about 2B. This would imply, according to our theory for this splitting in Section 3.2, that the quantum number j A ) ( 3 / 2 ) in eq 4 must be replaced by S ) ( 1 / 2 ). In other words, only the spin is involved in the off-diagonal Coriolis coupling with the overall rotation of the complex, not the electronic orbital angular momentum. If this holds, and we fail to see any other explanation for the discrepancy between theory and experiment, then this must be an effect of the liquid-helium matrix.
The (side-)bands associated with the bend and stretch modes of the complex have not been observed yet. Therefore, we cannot compare our calculated results with experiment for these modes. It will be interesting to try and measure such modes.
Model Study of Cl-HCN, Role of Spin-Orbit Coupling
Also, the linear Cl-NCH complex was observed in a heliumdroplet experiment by Merritt et al., 5 but not the hydrogenbonded Cl-HCN complex. To understand why both isomers Another effect of the smaller spin-orbit coupling is that the ground-state parity splitting calculated for Cl-NCH is not 4B as in Br-NCH, but about 3B. According to the explanation of the parity splittings in Section 3.2, this implies that the effective electronic angular momentum, j A , for ground-state Cl-NCH is smaller than the value for the Br-NCH complex, which was close to the atomic value of ( 3 / 2 ). So, one observes that most of the difference of 157 cm -1 in D 0 between Cl-NCH and Cl-HCN can be understood from the difference in the well depths in the lowest spin-orbit adiabatic state. The remainder must be a dynamical effect, related to the fact that the nuclear motion problem must be solved with multiple coupled potential surfaces, not just on the lowest adiabatic potential.
Conclusions
In the preceding paper (paper 1), we presented the full 3 × 3 matrix of diabatic potential surfaces that correlate with the 2 P state of the Br atom. With the use of these potentials and the inclusion of spin-orbit coupling, we computed rovibronic energy levels and properties of the Br( 2 P)-HCN complex in full three-dimensional (3D) calculations. Dynamical variables in the 3D model are the distance R between Br and the center of mass of HCN, the CH bond length r CH , and the angle θ between the NCH axis and the Br-HCN axis R. The HCN monomer was kept linear, and the CN bond length was frozen. We also made 2D calculations in which the CH bond length was frozen at the vibrationally averaged values r 0 and r 1 and 2+1D calculations in which the 3D potentials were averaged over the V ) 0 and V ) 1 vibrational wave functions of the CH stretch mode in HCN. Furthermore, we performed 2D calculations for r CH frozen at the HCN equilibrium value r e and 1D calculations in which both r CH and the Br-HCN distance R were frozen.
The complex is found to have two linear structures with nearly equal binding energies, Br-NCH and Br-HCN. The calculated binding energies are D 0 ) 352.4 cm -1 and D 0 ) 349.1 cm -1 , respectively. Both isomers were found experimentally 5 in superfluid helium clusters in a molecular beam setup. From the infrared spectra associated with the CH stretch mode in both isomers, it was concluded that Br-NCH has a ground state with J ) |Ω| ) ( 1 / 2 ) and that Br-HCN has a ground state with J ) |Ω| ) ( 3 / 2 ). This is what we found in our calculations as well. It could be understood on the basis of the adiabatic and diabatic potential energy surfaces of paper 1, which are qualitatively determined by the electrostatic interaction between the quadrupole of the Br( 2 P) atom and the dipole of HCN, and the very strong spin-orbit coupling in Br. We predicted the frequencies of the van der Waals modes of both isomers, both for V ) 0 and V ) 1 of the CH stretch mode of HCN, and extracted a set of spectroscopic constants from the energy levels calculated for J ) ( 1 / 2 ) to ( 7 / 2 ). For Br-HCN with its degenerate spin-free ground state of Π symmetry the bend fundamental with V b ) 1 and vibrational angular momentum ω B ) (1, interacting with the electronic 2 Π state with µ ) (1, produces levels with |Ω| ) ( 1 / 2 ) and |Ω| ) ( 5 / 2 ) that are split by 2.6 cm -1 , a RennerTeller nonadiabatic coupling effect. For Br-NCH with its nondegenerate Σ ground state, there is a small indirect RennerTeller splitting of 0.9 cm -1 caused by spin-orbit couplinginduced Σ-Π mixing. The red shift of the CH stretch frequency in the complex, relative to free HCN, was calculated to be 1.98 cm -1 for Br-NCH and 23.11 cm -1 for Br-HCN. The experimental 5 values, corrected for the helium matrix shift, are 1.65 and 23.80 cm -1 .
Another property that could be compared with experiment is the splitting of the rovibronic levels of e and f spectroscopic parity. Relatively large first-order parity splittings were calculated and theoretically explained for the levels of Br-NCH with bend vibration angular momentum ω B ) 0. All other levels of Br-NCH and the levels of Br-HCN have splittings that are smaller by several orders of magnitude. The large splitting was indeed observed in the experimental spectrum of Br-NCH, 5 but it was smaller than predicted. We believe this to be an effect of the surrounding helium cluster, which is known to also reduce the rotational constants by a factor of nearly 3. When we compared the calculated and measured rotational constants B, such a reduction was indeed found, for both Br-NCH and Br-HCN. The reduction of the parity splitting is larger by another factor of 2, however.
Finally, we found an explanation why for the corresponding Cl complex only the linear Cl-NCH isomer was observed, not the Cl-HCN isomer. We made model calculations with the potential energy surfaces computed for the Br complex in paper 1, but with the spin-orbit coupling constant A ) 882.4 cm -1 of Cl instead of A ) 3685.5 cm -1 for Br. The hydrogen-bonded isomer Cl-HCN turned out to be less-stable than Cl-NCH by nearly 160 cm -1 , whereas Br-HCN is less stable than Br-NCH by only 3.3 cm -1 . A large part of this energy difference could be understood by a comparison of the lowest spin-orbit adiabatic potential surfaces of the Br and Cl complexes. In addition, the isomerization barrier is much higher for the Cl complex than for the Br complex. The same set of spin-free adiabatic and diabatic potentials gives remarkably different adiabatic potential surfaces when a different spin-orbit coupling term is included.
